Genotoxicity but not the AhR-mediated activity of PAHs is inhibited by other components of complex mixtures of ambient air pollutants  by Líbalová, Helena et al.
G
b
H
J
R
a
b
c
h
•
•
•
•
a
A
R
R
A
A
K
A
B
C
D
P
P
B
P
o
a
t
0
hToxicology Letters 225 (2014) 350–357
Contents lists available at ScienceDirect
Toxicology  Letters
j o ur na l ho me  page: www.elsev ier .com/ locate / tox le t
enotoxicity  but  not  the  AhR-mediated  activity  of  PAHs  is  inhibited
y  other  components  of  complex  mixtures  of  ambient  air  pollutants
elena  Líbalováa,  Simona  Krcˇkováb,  Katerˇina  Uhlírˇováa, Alena  Milcováa,
ana  Schmuczerováa, Miroslav  Ciganekb,  Jiri  Klémac, Miroslav  Machalab,
adim  J. Sˇráma, Jan  Topinkaa,∗
Department of Genetic Ecotoxicology, Institute of Experimental Medicine AS CR, Videnska 1083, 142 20 Prague 4, Czech Republic
Department of Chemistry, Veterinary Research Institute, Hudcova 296/70, 621 00 Brno, Czech Republic
Czech Technical University in Prague, Karlovo namesti 13, 121 35 Prague 2, Czech Republic
 i g  h  l  i  g  h  t  s
Interactions  of  polyaromatic  hydrocarbons  in  extracts  from  particles  have  been  studied.
High  induction  of  metabolizing  enzymes  by  extracts,  but  low  genotoxicity  was  observed.
Benzo[a]pyrene  in  mixture  induced  lower  genotoxicity  than  pure  benzo[a]pyrene.
We  demonstrated  for  the  ﬁrst  time  antagonistic  effects  in extracts  from  particles.
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a  b  s  t  r  a  c  t
In this  study,  we  compared  the genotoxicity  and  aryl  hydrocarbon  receptor  (AhR)-dependent  transcrip-
tional  changes  of selected  target  genes  in  human  lung  epithelial  A549  cells  incubated  for  24  h, either  with
extractable  organic  matter  (EOMs)  from  airborne  particles  <2.5  m  (PM2.5)  collected  at four  localities
from  heavily  polluted  areas  of the  Czech  Republic  or two  representative  toxic  polycyclic  aromatic  hydro-
carbons  (PAHs)  present  in EOMs,  benzo[a]pyrene  (B[a]P)  and  benzo[k]ﬂuoranthene  (B[k]F).  Genotoxic
effects  were  determined  using  DNA  adduct  analysis  or analysis  of  expression  of selected  AhR-related
genes  involved  in bioactivation  of PAHs  (CYP1A1,  CYP1B1)  and  transcriptional  repression  (TIPARP).  Sam-
pled localities  differing  in  the  extent  and  source  of air  pollution  did  not  exhibit  substantially  different
genotoxicity.  DNA adduct  levels  induced  by three  subtoxic  EOM  concentrations  were  relatively  low  (1–5
adducts/108 nucleotides),  compared  to  levels  induced  by similar  concentrations  of B[a]P,  while  B[k]F  gaveAHs
M2.5
very low  DNA  adduct  levels.  Here,  we compared  genotoxicity  and gene  deregulation  induced  by  complex
mixtures  containing  PAHs  with the effects  of the  comparable  concentrations  of individual  PAHs. Our
results  suggested  inhibition  of  formation  of B[a]P-induced  DNA  adducts  compared  to  individual  B[a]P,
probably  attributable  to  competitive  inhibition  by other non-genotoxic  EOM  components.  In  contrast,
induction  of  AhR  target  genes  appeared  not  to  be antagonized  by  the  components  of complex  mixtures,
as induction  of  CYP1A1,  CYP1B1  and  TIPARP  transcripts  reached  maximum  levels  induced  by PAHs.©  2014
Abbreviations: A549, human adenocarcinoma alveolar basal epithelial cells, type II; Ah
[k]F,  benzo[k]ﬂuoranthene; BPDE, benzo[a]pyrene diolepoxide; cDNA, complementar
450;  DCM, dichloromethane; DMEM,  Dulbeccoı´s modiﬁed Eagleı´s medium; DMSO, d
nic  lung ﬁbroblasts; HPLC, high performance liquid chromatography; IARC, Internatio
romatic hydrocarbon; PM2.5, airborne particles < 2.5 m;  qRT-PCR, quantitative real-ti
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∗ Corresponding author. Tel.: +420 24106 2763; fax: +420 24106 2785.
E-mail address: jtopinka@biomed.cas.cz (J. Topinka).
378-4274/      © 2014 The Authors. Published by Elsevier Ireland Ltd. 
ttp://dx.doi.org/10.1016/j.toxlet.2014.01.028
Open access under CC BY The  Authors.  Published  by  Elsevier  Ireland  Ltd. 
R, aryl hydrocarbon receptor; B[a]P, benzo[a]pyrene; DB[a,l]P, dibenzo[a,l]pyrene;
y DNA; c-PAH, carcinogenic polycyclic aromatic hydrocarbon; CYP, cytochrome
imethylsulfoxide; EOM, extractable organic matter; HEL 12469a, human embry-
nal Agency for Research on Cancer; LDH, lactate dehydrogenase; PAH, polycyclic
me PCR; RIN, RNA integrity number; ROS, reactive oxygen species; TCDD, 2,3,7,8-
nmental Protection Agency; V79, Chinese hamster lung ﬁbroblasts.
Open access under CC BY license.
 license.
gy Le
1
t
(
c
2
O
ﬁ
a
g
p
t
i
m
i
m
T
ﬁ
t
g
s
t
d
t
a
e
h
v
i
h
c
t
t
i
t
m
(
d
c
c
o
B
t
B
p
l
e
(
w
m
A
c
i
o
a
e
2
2
TH. Líbalová et al. / Toxicolo
. Introduction
Airborne particles < 2.5 m (PM2.5) constitute a complex mix-
ure of chemicals, including toxic and carcinogenic materials
Lewtas, 2007). Numerous studies to date have focused on the
hemical composition of PM2.5 (Bell et al., 2007; Perrone et al.,
010) as well as their various toxic and health effects (Bell, 2012;
sornio-Vargas et al., 2003; Steenhof et al., 2011). Epidemiological
ndings support a signiﬁcant impact of PM2.5 on human health
nd mortality (Pope et al., 2009). Some researchers have sug-
ested that the adverse health effects of respirable ambient air
articles are related to the toxic effects induced by the particles
hemselves, including reactive oxygen species (ROS) formation,
nﬂammation and oxidative damage. The toxic effects of PM2.5 are
ainly attributed to chemicals adsorbed on the particle surface,
ncluding organic compounds, such as carcinogenic polycyclic aro-
atic hydrocarbons (PAHs) that are genotoxic in vitro and in vivo.
he genotoxic response of PAHs in binary and more complex arti-
cial mixtures has been consistently shown to be different from
hat induced by individual PAHs (Sevastyanova et al., 2007), sug-
esting that assessment of the carcinogenic risk of PAH mixtures
hould not be based on the assumption of additivity of risks related
o exposure to individual PAHs.
To evaluate the health risks of exposure to PAHs bound to PM2.5,
etermination of the possible antagonistic, additive or synergis-
ic effects of complex mixtures on metabolic activation of PAHs
nd their genotoxicity is essential. A previous study (Mahadevan
t al., 2007) using genetically engineered V79 cells equipped with
uman CYP1A1 and CYP1B1 genes demonstrated an ability of indi-
idual PAHs within complex mixtures to induce or competitively
nhibit the overall genotoxic activity of complex mixtures to which
umans are exposed. The authors suggested that assessment of the
arcinogenic potency of such mixtures based on simple addition of
he individual potencies of its constituents is incorrect.
Here, we focused on the genotoxic responses to complex mix-
ures of organic compounds bound to the PM2.5 aerosol collected
n heavily polluted areas of the Czech Republic. Possible interac-
ions of benzo[a]pyrene (B[a]P) and benzo[k]ﬂuoranthene (B[k]F),
ajor toxic PAH components within extractable organic matter
EOMs), were evaluated by comparing the expression of AhR-
ependent PAH-activating enzymes and DNA adduct levels in A549
ells exposed to realistic concentrations of pure B[a]P and B[k]F. In
ontrast to previous studies, we directly compared the genotoxicity
f organic extracts from PM2.5 with that of pure EOM components,
[a]P and B[k]F, without artiﬁcial addition of M quantities of PAH
o the extracts. This approach is possible owing to the high B[a]P and
[k]F content in organic extracts from PM2.5 collected in heavily
olluted areas of the Czech Republic.
We recently demonstrated that EOM from PM2.5 samples col-
ected at various locations in the Czech Republic induces gene
xpression changes in normal human lung ﬁbroblasts (HEL 12469)
Libalova et al., 2012). The same set of EOMs from air pollutants
as used in the present study to investigate genotoxic effects and
odulation of AhR-dependent genes involved in PAH activation in
549 cells, a well-characterized model of human alveolar type II
ells (Giard et al., 1973). This cell line has been widely employed
n molecular biology studies to analyze the toxic effects of vari-
us chemicals (Hansen et al., 2007), dusts (Bornholdt et al., 2007),
irborne particulate matter (Gutierrez-Castillo et al., 2006) and
ngineered nanoparticles (Lanone et al., 2009).
. Materials and methods.1. Reagents
Dimethylsulfoxide (DMSO) was  purchased from Merck, Darmstadt, Germany.
he  sources of other speciﬁc chemicals and kits are indicated below.tters 225 (2014) 350–357 351
2.2. PM2.5 collection, sampling sites, EOM extraction and chemical analysis
PM2.5 was collected with a HiVol air sampler at four localities in the Czech
Republic, which differ in the extent and major sources of air pollution (Ostrava-
Bartovice, Ostrava-Poruba, Karvina and Trebon), as described previously (Topinka
et  al., 2011). PM2.5 sampling was  conducted for 24 h each day for 30–35 days in the
winter season of 2008/2009. Both dichloromethane extraction of EOMs from ﬁlters
with  PM2.5 samples and PAH chemical analysis were performed in laboratories of
the certiﬁed company, ALS Czech Republic, Prague (EN ISO CSN IEC 17025). Details of
the chemical analysis are described in a report by (Libalova et al., 2012). For in vitro
experiments, EOM samples were evaporated to dryness under a stream of nitrogen.
1,2-Propanediol (100 l) was used as a keeper to avoid outﬂow of c-PAH in the
course of the evaporation. The residue re-dissolved in DMSO. The stock solution of
each EOM sample contained 50 mg of EOM/ml DMSO. Samples were maintained in
the  freezer at −80 ◦C until analysis.
2.3. Cell cultures and cytotoxicity
A549 (human adenocarcinoma alveolar basal epithelial cells, type II; ATCC, Man-
assas, VA, USA) were grown in Dulbeccoı´s modiﬁed Eagleı´s medium (DMEM; Lonza
Biotec s.r.o., Kourim, Czech Republic, #BE12-707F/12) supplemented with 1.0 g/l
glucose and 1 mM pyruvate, with addition of 10% FBS, 50 mM glutamine and 40 mM
gentamycin sulfate. Cells were cultured in plastic cell culture dishes (21 cm2) at
37 ◦C in 5% CO2. After reaching 70–80% conﬂuency, the medium was  replaced with
fresh medium supplemented with 1% FBS. EOM samples were diluted with DMSO
and added to the medium at test concentrations (10, 30 and 60 g/ml). Cells were
treated for 24 h. Each concentration was tested in triplicate, including control cul-
tures incubated with DMSO only. Harvested cells were washed three times in PBS,
and  the ﬁnal DMSO concentration did not exceed 0.1% of the total incubation vol-
ume. The cytotoxicity of A549 cells treated with EOMs was tested using the LDH
Cytotoxicity Assay Kit (Bio Vision, Milpitas, CA, USA) at concentrations of 10, 30, 60
and 100 g EOM/ml. B[a]P and B[k]F (both Sigma-Aldrich, Steinheim, Germany) cell
treatments (1 nM–10 M)  were performed under similar experimental conditions.
Cytotoxicity was  not observed at any of the EOM concentrations tested, also B[a]P
and B[k]F did not exhibit substantial cytotoxic effect (<10%; data not shown).
2.4. RNA isolation and quality control
Total RNA from lysed A549 cells was obtained using NucleoSpin RNA II
(Macherey-Nagel GmbH & Co. KG, Düren, Germany), according to the manufac-
turer’s instructions. RNA concentrations were quantiﬁed with a Nanodrop ND-1000
Spectrophotometer (Thermo Fisher Scientiﬁc, Waltham, MA,  USA).
RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies Inc., Santa Clara, CA, USA). All samples had an RNA Integrity Number (RIN)
greater than 9. Isolated RNA was stored at −80 ◦C until processing.
2.5. DNA isolation and DNA adduct analysis via 32P-postlabeling
32P-postlabeling analysis was performed as described previously (Phillips and
Castegnaro, 1999; Reddy and Randerath, 1986). Brieﬂy, A549 cells were incu-
bated with various EOM concentrations (10, 30, and 60 g/ml) for 24 h at 37 ◦C, as
described above. DNA was isolated via phenol/chloroform/isoamylalcohol extrac-
tion and ethanol precipitation (Gupta, 1985), and samples maintained at −80 ◦C
until analysis. DNA samples (6 g) were digested with a mixture of micrococcal
endonuclease (Sigma-Aldrich, Steinheim, Germany) and spleen phosphodiesterase
(MP  Biomedicals, Strasbourg, France) for 4 h at 37 ◦C. Nuclease P1 (Yamasa corpora-
tion, Chiba-ken, Japan) was used for adduct enrichment. Labeled DNA adducts were
resolved via multidirectional TLC on 10 cm × 10 cm PEI-cellulose plates. The follow-
ing solvent systems were used for TLC: D-1: 1 M sodium phosphate, pH 6.8; D-2:
3.8 M lithium formate, 8.5 M urea, pH 3.5; D-3: 0.8 M lithium chloride, 0.5 M Tris,
8.5  M urea, pH 8.0.
Autoradiography was carried out at −80 ◦C for 24 h. Radioactivity of distinct
adduct spots and diagonal radioactive zones was measured via liquid scintillation
counting. To determine the exact amount of DNA in each sample, aliquots of the
DNA enzymatic digest (1 g of DNA hydrolysate) were analyzed for nucleotide con-
tent using reverse-phase High Performance Liquid Chromatography (HPLC) with
UV  detection, which simultaneously controlled for DNA purity. DNA adduct levels
were expressed as relative DNA adduct levels per 108 nucleotides. A BPDE-DNA
adduct standard was run in triplicate in each postlabeling experiment to control for
interassay variability.
2.6. Gene expression analysis (quantitative RT-PCR)
An aliquot of RNA (2000 ng) from each sample was used for complementary
DNA (cDNA) synthesis using the High Fidelity cDNA synthesis Kit (Roche, Manheim,
Germany). The original protocol was modiﬁed using 2.5 M oligo(dT) and 10 M
random hexamers for priming in a 20 l reaction volume. cDNA synthesis was
performed under the following conditions: 30 min  at 55 ◦C and 5 min  at 85 ◦C.
Quantitative PCR measurements were performed using the 7900HT Fast Real-Time
PCR  System (Applied Biosystems, Carlsbad, CA, USA). Each qPCR reaction was
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Table 1
Sequences of primers used in quantitative PCR.
Symbol RefSeq ID Oligonucleotide
CYP1B1 NM 000104.2 Sense CACTGGAAACCGCACCTC
Antisense AGCACCGACAGGAGTAGC
CYP1A1 NM 000499 Sense CAAGGTGTTAAGTGAGAAGGTG
Antisense AGCAGGATAGCCAGGAAGAG
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Table 3
Selected priority U.S. EPA PAHs adsorbed on the PM2.5 collected in various localities
(ng/m3).
Compound name Ostrava-Bartovice Ostrava-Poruba Karvina Trebon
Fluoranthene 11.6 2.48 1.72 1.00
Pyrene 13.9 2.61 1.76 1.01
Benz[a]anthracene 11.6 1.62 1.67 0.50
Chrysene 9.06 1.96 2.19 0.89
Benzo[b]ﬂuoranthene 3.89 0.55 1.03 0.31
Benzo[k]ﬂuoranthene 4.34 0.69 1.18 0.32
Benzo[a]pyrene 5.98 1.31 2.26 0.55
Dibenz[a,h]anthracene 1.16 0.21 0.16 0.09
T
BTIPARP NM 001184717 Sense GGTTCCAATCCAAGATCACAG
Antisense GAACATCACTTGAAACTGGGT
arried out in a ﬁnal volume of 14 l containing 3.5 l of diluted cDNA, 2.8 l of
ater and 7 l of master mix  (Primerdesign, Southampton, UK). To determine the
evel of each target gene, 0.7 l of a speciﬁcally designed assay (or mix  containing
rimers and probe) (PerfectProbe, Primerdesign) was added to the reaction
ixture. Cycling conditions were as follows: 10 min  at 95 ◦C, followed by 40 cycles
f  ampliﬁcation (15 s at 95 ◦C, 30 s at 50 ◦C and 15 s at 72 ◦C). The sequences of
rimers used in qPCR are shown in Table 1.
.7. Statistical analysis
Raw data from qPCR experiments were analyzed with SDS Relative Quantiﬁca-
ion Software version 2.3 (Applied Biosystems) to assign baseline and threshold
alues for Ct determination. Expression levels of target genes were normalized
o  those of the reference genes, GAPDH and SDHA. Reference genes were selected
ccording to the stability of gene expression during experimental conditions using
he  geNorm Reference Gene Selection Kit (Primerdesign). Gene expression levels
ere compared with those in control A549 cell cultures treated with DMSO only.
elative changes in normalized gene levels were calculated using the 2−Ct method
Livak and Schmittgen, 2001). Multiple testing correction was performed using the
enjamini & Hochberg method (Benjamini and Hochberg, 1995).
. Results
.1. Air sampling, data collection and chemical analysis
Samples of PM2.5 were collected in the winter of 2008/2009 at
our localities in the Czech Republic (Ostrava-Bartovice, Ostrava-
oruba, Karvina and Trebon) differing in the level and source
f air pollution. We focused on the complex mixture of organic
ompounds adsorbed onto PM2.5, which were extracted with
ichloromethane. In addition to numerous other organic pollut-
nts, EOM from each locality contained PAHs with ﬁve or more
enzene rings, the main contributors to genotoxicity, dioxin-like
oxicity and carcinogenicity of complex mixture. The basic char-
cteristics of PM2.5 sampling and chemical analysis have been
etailed in a previously published study by our group (Libalova
t al., 2012). The highest concentration of PM2.5 was  collected in
strava-Bartovice (36.7 g/m3) and was substantially lower at the
ther localities during a comparable sampling period (Table 2). Sim-
larly, the highest concentration of selected PAHs priority according
o the U.S. EPA classiﬁcation, including B[a]P, a model carcinogenic
AH, was detected in Ostrava-Bartovice, compared to the other
ocalities (Table 3). It should be noted, that PM2.5 and PAH concen-
ration in Karvina might be partially affected by sampling in late
inter compared to other localities. Interestingly, detailed chem-
cal analysis of more than 200 organic compounds revealed very
imilar qualitative composition of all EOMs, despite the relatively
able 2
asic characteristics of PM2.5 sampling at various localities in the Czech Republic.
Locality (GPS coordinates) Sampling period 
Ostrava-Bartovice (49◦48′07′′N, 18◦20′56′′E) 1.3.09–4.4.09 
Ostrava-Poruba (49◦48′07′′N, 18◦20′56′′E) 1.3.09–31.3.09 
Karvina (49◦48′07′′N, 18◦20′56′′E) 1.4.09–5.5.09 
Trebon (49◦00′15′′N, 14◦45′56′′E) 19.11.08–17.12.08 
* Missing for technical reasons.Benzo[ghi]perylene 5.15 0.80 1.83 0.51
Indeno[1,2,3-cd]pyrene 9.67 1.38 3.30 0.72
higher of PAHs and PAH derivates in the heavily polluted location
of Ostrava-Bartovice (Table 4).
3.2. DNA adducts induced by EOMs, B[a]P and B[k]F treatments
The extent of DNA damage, measured as the concentration of
bulky DNA adducts, was studied in A549 cells exposed to EOMs
as well as representative EOM components with signiﬁcant geno-
toxic and/or AhR-inducing activities, speciﬁcally, B[a]P and B[k]F
(selected autoradiographs are shown in Fig. 1). While EOM-induced
DNA adduct patterns exhibited diagonal zones of radioactivity with
visible spots in the area of the major B[a]P-induced adduct, distinc-
tive adduct spots were obtained with pure PAHs. We  compared
the DNA adduct levels induced by various doses of B[a]P and B[k]F
(ranging from 1 nM to 10 M)  with those by three subtoxic concen-
trations of EOMs (ranging from 10 to 60 g EOM/ml) containing
ﬁnal B[a]P or B[k]F concentrations in the cell culture medium,
which were comparable to those used for the treatment with indi-
vidual PAHs (Table 5).
Incubation with all EOMs at each concentration resulted in dose-
dependent DNA adduct formation in A549 cells. The highest adduct
levels were detected after treatment with EOM from Ostrava-
Bartovice, while other EOMs induced substantially lower adduct
levels at each concentration (Table 5). DNA adducts were detectable
in cells treated with the lowest B[a]P concentration (1 nM), with a
clear dose–response up to 1 M B[a]P (Fig. 2). The highest B[a]P
concentration (10 M)  resulted in decreased DNA adduct levels
probably due to the general toxicity other than cytotoxicity deter-
mined by LDH test. B[k]F at concentrations of 1 and 10 M induced
only low DNA adduct levels in A549 cells (Fig. 2).
Induction of DNA adducts by EOMs at each concentration was
several-fold lower than that induced by equivalent concentrations
of individual B[a]P. This inhibitory effect was more pronounced at
the highest EOM dose (60 g/ml of Ostrava-Bartovice EOM contain-
ing approximately 250 nM B[a]P induced ﬁve adducts, compared
to 43 adducts per 108 nucleotides induced by 250 nM pure B[a]P).
Low doses of EOMs exhibited only a moderate inhibitory effect
(Table 5). Actual inhibition of B[a]P-DNA adducts by EOM compo-
nents is higher than that shown in Table 5, where total DNA adducts
induced by other DNA-reactive EOM components apart from B[a]P
are comparable with those induced by B[a]P alone.
Air volume (m3) PM2.5 (g/m3) EOM (g/m3)
29,900 36.7 13.0
35,200 25.8 8.05
47,400 n.a.* 9.16
44,700 11.4 4.15
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Table  4
Concentrations of contaminant groups in extracts from PM2.5 (ng/m3).
Contaminant classes Contaminant groups Ostrava-Bartovice Ostrava-Poruba Karvina Trebon
Polycyclic aromatic compounds U.S. EPA PAHs (10)* 76.3 13.6 17.1 5.89
Other  PAHs (29) 44.3 7.14 9.29 3.28
Alkylated PAHs (46) 29.7 7.36 5.88 4.98
Oxidized PAHs (7) 36.1 11.0 12.8 2.02
N-heterocyclic PAHs (PANHs) (13) 19.9 4.27 3.13 0.46
S-heterocyclic PAHs (PASHs) (8) 9.99 2.27 1.80 0.42
Nitrated PAHs (15) 0.38 0.05 0.04 0.02
Dinitrated PAHs (3) 0.00097 0.00008 0.00005 0.0000
Hydrocarbon markers n-Alkanes (29) 84.4 89.5 77.4 89.2
UCM  (unresolved complex mixture)** 20.1 15.3 9.19 12.7
Terpanes (15) 14.8 9.34 5.64 4.14
Triterpanes (13) 4.49 3.16 1.49 3.73
Steranes (19) 2.24 2.68 0.85 1.76
Sterols Faecal sterols (8) 0.38 0.12 0.17 0.88
Phytosterols (5) 1.04 0.20 0.59 1.63
Industrial contaminants Musk compounds (9) 0.01 0.003 0.003 0.06
Dialkyl-phthalates (6) 0.75 0.60 0.34 2.08
Bisphenol A 0.18 0.09 0.10 0.09
Benzophenone 0.24 0.05 0.04 0.04
Isomyristate 0.19 0.10 0.07 0.46
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a* The numbers of quantiﬁed compounds are in parentheses.
** Mixture of thousands of cyclic and branched saturated hydrocarbons forming a
articulate matter.
.3. Dose-dependent modulation of expression of AhR target
enes (CYP1A1, CYP1B1 and TIPARP) by EOMs, B[a]P and B[k]F
Changes in the mRNA levels of AhR target genes (CYP1A1, CYP1B1
nd TIPARP) were assessed following 24 h of exposure to EOMs or
o both AhR inducers, B[a]P and B[k]F. The same range of EOM
nd B[a]P concentrations was employed as for DNA adduct anal-
sis to determine the association between AhR-dependent gene
xpression changes and DNA adduct formation. B[k]F was  applied
t similar concentrations as B[a]P.
All EOMs induced signiﬁcant upregulation of the genes exam-
ned (Fig. 4). However, upregulation of these genes was not
ig. 1. Autoradiographs of TLC maps of 32P-labeled DNA digest after incubation of A549 ce
n  four localities: Ostrava-Bartovice residential quarter in the immediate proximity of ferr
B),  city of Karvina in the Ostrava region (C) Trebon—a small town in the non-industrial
epict  analyses of A549 cells treated with BPDE (G) and DMSO (H). DNA (5 g) was anal
utoradiography was performed at −80 ◦C for 24 h.cteristic hump on the GC chromatogram of the non-polar compound fraction of air
dose-dependent. Expression of all genes was highly induced by
the lowest doses of all EOMs (10 g EOM/ml), but mRNA lev-
els remained constantly increased across all EOM concentrations
(Fig. 3).
Genotoxic B[a]P induced a dose-dependent increase in expres-
sion of all tested genes (Fig. 4A). Moderate, but signiﬁcant,
upregulation of CYP1A1, CYP1B1 and TIPARP was initially observed
after treatment with 100 nM B[a]P.
B[k]F is a potent AhR inducer, but only has weak genotoxic prop-
erties in vitro, as evident from the low DNA adduct levels (Fig. 2).
Compared with B[a]P, a lower dose of B[k]F (10 nM) induced upre-
gulation of all tested AhR target genes (Fig. 4B).
lls with 30 g/ml extractable organic matter (EOM) from PM2.5 particles collected
ous metallurgy and coke ovens (A), Ostrava-Poruba close to the end of the highway
 region of Southern Bohemia (D), 100 nM B[a]P (E), 1 M B[k]F (F). Control panels
yzed using the nuclease P1 method of sensitivity enhancement. Screen-enhanced
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Table 5
Overview of DNA adduct levels induced by EOMs in A549 cells and dose-equivalent concentrations of pure B[a]P and B[k]F compounds.
Locality EOM in culture
medium (g/ml)
DNA adducts
induced by EOMs*
B[a]P in culture
medium (nM)
DNA adducts induced
by pure B[a]P**
B[k]F in culture
medium (nM)
DNA adducts induced
by pure B[k]F**
Ostrava-Bartovice 10 1.83 41.51 5.33 27.79 0.07
30  2.55 124.52 14.00 83.38 0.20
60  5.06 249.04 43.01 166.76 0.40
Ostrava-Poruba 10 1.04 5.57 1.06 3.65 0.01
30  2.24 16.70 3.18 10.96 0.03
60  3.71 33.40 4.29 21.92 0.05
Karvina 10 0.88 13.06 2.48 8.17 0.02
30  1.48 39.18 5.03 24.52 0.06
60  2.19 78.35 8.81 49.05 0.12
Trebon 10 0.86 5.21 0.99 2.86 0.01
30  1.72 15.63 2.97 8.57 0.02
60  2.61 31.26 4.02 17.14 0.04
* DNA adduct/108 nucleotides.
** DNA adducts induced by dose-equivalent concentration of pure B[a]P, resp. B[k]F (DNA adduct/108 nucleotides; exact DNA adduct levels were calculated using linear
interpolation between adduct levels for the two nearest concentrations of B[a]P and B[k]F).
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Fig. 2. DNA adduct levels in A549 cells incubated with various concentrations of
The level of induction of genes by B[a]P was lower than that
pon exposure to EOMs containing the corresponding concentra-
ion of B[a]P (250 nM B[a]P induced approximately 2-fold change
n CYP1A1 expression, compared to ∼12-fold change induced by
0 g EOM/ml from Ostrava-Bartovice). The corresponding con-
entration of B[k]F induced CYP1A1 to a level comparable to that by
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 and B[k]F for 24 h. Dibenzo[a,l]pyrene (DB[a,l]P) was used as a positive control.
EOMs (100 nM B[k]F induced ∼14-fold change in CYP1A1). A signif-
icant AhR activation by EOM concentrations was also conﬁrmed by
an AhR-dependent luciferase reporter gene assay (data not shown),
where a signiﬁcant AhR activation was found already at the con-
centration of 0.05 g EOM/ml and the highest AhR transcriptional
activation was observed at 2.5 g EOM/ml.
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. Discussion
We  assessed genotoxicity and potencies of EOMs originating
rom distinct localities and sources to induce AhR activation in
he model of human lung alveolar type II A549 cells. Simulta-
eously, the possible antagonistic, additive or synergistic effects of
OMs on PAH-induced genotoxic and transcriptional effects were
nalyzed.
Despite several-fold higher concentrations of carcinogenic PAHs
n PM2.5 from Ostrava-Bartovice, which is mainly burdened bySO treatment) A549 cells. Gene expression was detected via quantitative RT-PCR
as a positive control.
industrial pollution, a detailed chemical analysis by our group
(Libalova et al., 2012) suggested qualitative similarities in the
chemical composition of EOMs from all localities. To compare the
dose-dependent genotoxic responses and qualitative properties of
EOMs regardless of their quantitative composition, we used three
subtoxic concentrations (10, 30 and 60 g/ml) for common EOM
treatment of A549 cells. A dose-dependent increase in DNA adduct
levels was  observed in all EOM treatment cases. Treatment with
EOM from Ostrava-Bartovice led to the most pronounced increase
in DNA adducts, compared to other localities. However, in contrast
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o DNA adduct formation, CYP1A1, CYP1B1 and TIPARP gene expres-
ion changes were not affected by the diverse concentrations of
AHs among EOMs, indicating similar induction of transcriptional
esponses. It is likely that induction of relatively low DNA adduct
evels by all EOMs (not more than 5 adducts/108 nucleotides for the
ighest EOM concentration from Ostrava-Bartovice), compared to
ffect of individual B[a]P, does not require high metabolic capacity
f A549 cells to form DNA reactive intermediates from organic EOM
omponents. The increase in DNA adduct levels is driven solely by
he increased PAH concentration in EOMs, and not PAH metaboliz-
ng capacity. Interestingly, DNA adducts were detected in A549 cells
reated with 1 nM B[a]P, while signiﬁcant upregulation of CYP1A1
nd CYP1B1 as major B[a]P-bioactivating enzymes, was ﬁrst evident
t concentrations of 250 nM and 10–100 nM,  respectively.
We  found almost linear dose-response of DNA adduct lev-
ls induced by various EOMs, compared to the exponential
ose–response of DNA adducts with pure B[a]P, accompanied
y strong upregulation of CYP1A1 and CYP1B1. B[a]P induced
igniﬁcantly higher amounts of DNA adducts, compared to all
OM treatments containing corresponding concentrations of B[a]P.
he inhibitory effect of EOMs on DNA adduct formation may
e attributed to suppression of CYP enzyme metabolic activities
y other EOM constituents, such as low molecular weight PAHs
Courter et al., 2007a; Topinka et al., 2008). We  hypothesized that
igher doses of EOMs contain elevated concentrations of organic
ompounds antagonizing AhR activity, compared to low doses of
OMs.
The carcinogenic potency of PAHs within complex mixtures may
lso depend on the induction of metabolic enzymes involved in
ifferent PAH-activating pathways. Recently, it was  proposed that
omplex mixtures modify the carcinogenic potency of PAH through
ctivation of alternative metabolic pathways (Courter et al., 2007b)
r through a direct inhibition of CYP1 bioactivating enzymes by
ther constituents of complex airborne mixtures (Andrysík et al.,
011).
In contrast to low production of stable DNA adducts, AhR acti-
ation reached maximum levels at the EOM concentrations used in
he study. This might suggest potentially signiﬁcant effects of EOM
n AhR-dependent gene expression in lung epithelial cells. Impor-
antly, global gene expression analysis in A549 cells (not presented
ere) showed modulation of the AhR target genes involved in devel-
pmental toxicity and tumor promotion, such as the regulatory
enes of cell proliferation and TGF-beta and Wnt  signaling path-
ays (EREG, ALDH3A1, ID3, TGFR2 and others). These non-genotoxic
hR-dependent effects occurred at low EOM concentrations and,
pparently, were not antagonized by other constituents of EOM
ixtures. Study of Culp et al. (1998) suggested the contribution
f B[a]P to the forestomach tumors development in mice fed either
[a]P or coal tar mixtures containing B[a]P. In contrast, other tumor
ypes (lung, liver and small intestine) were attributed to other geno-
oxic or non-genotoxic components contained within the coal tar
ixture.
The current study evaluated the genotoxic effects of lipophilic
on-volatile PM2.5 components, such as carcinogenic PAHs and
heir derivatives. This approach was selected in view of the ﬁnding
hat the B[a]P content per m3 of sampled air in our study is up to
-fold higher than the WHO  limit of 1 ng/m3, thus enabling direct
omparison of the genotoxicity of EOMs and their representative
omponents at realistic PAH concentrations. The investigation is
ased on the assumption that organic components adsorbed on
he particles are efﬁciently desorbed in lung tissue. A previous
tudy (Gerde et al., 2001) suggested that 80% of highly lipophilic
arcinogens, such as B[a]P, are deposited in the alveolar region
f the lung and transported into the blood circulation without
etabolism, while about 20% is deposited in lung airways and
lowly adsorbed and metabolized to DNA reactive metabolites.tters 225 (2014) 350–357
Although these processes are less efﬁcient than extraction of PM2.5
with dichloromethane (DCM) used in this study, deposition of
PM2.5 in the lung with subsequent desorption of PAHs is an effec-
tive pathway.
5. Conclusions
In summary, our results conﬁrmed that A549 cells have suf-
ﬁcient constitutive CYP1A1 and CYP1B1 activities to metabolize
B[a]P to DNA reactive intermediates (Hitoshi et al., 2012). In con-
trast to B[a]P-treated cells, EOM exposure induced signiﬁcantly
lower DNA adduct levels, while expression of AhR-dependent PAH-
activating enzymes as well as other AhR target genes, was strongly
enhanced. The weakly-genotoxic AhR agonist, B[k]F, appears to be
one of key contributors to expression of PAH-activating enzymes.
Additionally, higher doses of EOMs had an antagonistic effect on
CYP1A1/1B1 bioactivation, compared to low doses. We  conclude
that genotoxicity of B[a]P, the most important carcinogenic com-
ponent of airborne respirable particles, is inhibited by other organic
compounds bound to PM2.5, particularly in ambient air of heavily
polluted locations. On the other hand, induction of AhR-dependent
gene expression was not antagonized by EOM constituents in the
present study, which may  lead to additional toxic effects contribut-
ing to, e.g. tumor promotion.
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